The UL111A gene product: CMV IL-10
Human cellular interleukin-10 (IL-10) is a pleiotropic cytokine that is important to the regulation of the immune response (Mosser and Zhang, 2008) . Although stimulatory effects on the proliferation of B cells and mast cells have been reported, the primary function of IL-10 appears to be limiting the inflammatory response, in part by opposing interferon gamma (IFN) mediated effects. While IL-10 has effects on many cell types, monocytes in particular are a major target for IL-10 activity. IL-10 inhibits production of many cytokines by activated monocytes, including IL-1, IL-1, IL-6, TNF, and even IL-10 itself (de Waal Malefyt et al., 1991a) . Inhibition of IL-1 and TNF are crucial to the anti-inflammatory effect, as these cytokines can have synergistic effects on other inflammatory pathways. Various cell surface molecules are also down-regulated by IL-10, including class II MHC and co-stimulatory molecules (de Waal Malefyt et al., 1991b) , contributing to decreased T cell effector activity. A virally controlled IL-10 would enable the virus to direct immune activity to its advantage by inhibiting inflammation and evading T cell detection, thus providing a window of opportunity in which more virus could be produced and transmitted to other cells ).
Gene structure and expression
The UL111 gene was originally designated as the coding region for ORF79, a 79 amino acid protein (Chee et al., 1990a) . Another protein product from this region of the viral genome was later identified through searches for possible homologs to human IL-10 ( Kotenko et al., 2000; Lockridge et al., 2000) . Three exons separated by intervening sequences were identified and found to give rise to a 175 amino acid protein product with 27% identity to human IL-10 which has been designated cmvIL-10 ( Figure 2 ). Interestingly, a homolog of IL-10 was identified in the genome of Epstein-Barr Virus a decade earlier, but the BCRF1 gene lacked introns and gave rise to a protein with 90% amino acid sequence identity to human IL-10 (Hsu et al., 1990) . The human IL-10 gene, which is located on chromosome 1, is comprised of four introns and five exons. The UL111A gene was found to be expressed with late kinetics in productively infected cells (Lockridge et al., 2000) . The cmvIL-10 protein is secreted at sufficient levels to induce serum antibody responses in infected individuals (de Lemos Rieper et al., 2011) . In addition to the full length cmvIL-10 protein, an alternative transcript is also produced from the UL111A gene, giving rise to a 139 amino acid protein (Jenkins et al., 2004) . The smaller protein, designated LAcmvIL-10, results from read-through of the second intron and then premature termination. LAcmvIL-10 is co-linear with cmvIL-10 for the first 127 residues, then diverges in sequence at C-terminal domain (Figure 3 ). The name LAcmvIL-10 was based on the observation that this Fig. 2 . Structure of the UL111A gene. The UL111A gene has two introns, but the organization is similar to the human IL-10 gene, which has four introns, and the ebvIL-10 gene, which has no introns. Also shown is the transcript for the LAcmvIL-10 gene, which reads through the second intron and encounters a stop codon, indicated by the asterisk (*).
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Trojan Horses and Fake Immunity Idols: Molecular Mimicry of Host Immune Mediators by Human Cytomegalovirus 45 shorter transcript was initially detected during latent infection of granulocytemacrophage progenitors (and was therefore latency associated). However, it was subsequently found that LAcmvIL-10 is expressed during productive infection as well (Jenkins et al., 2008a) . While the transcript encoding full length cmvIL-10 is expressed with late kinetics during infection, the transcript encoding LAcmvIL-10 is expressed with early kinetics during productive infection and continues to be expressed during latent infection.
Cell signaling
Despite having only 27% sequence identity to human IL-10, cmvIL-10 binds to the cellular IL-10 receptor and displays many of the immune suppressive functions of cellular IL-10 (Slobedman et al., 2009; Spencer et al., 2002) . IL-10 effects are mediated via interaction with the cellular IL-10 receptor, a member of the interferon receptor superfamily, which consists of two subunits, a ligand binding subunit (IL-10R1) and a signaling subunit (IL-10R2), as shown in Figure 4 . The IL-10/IL-10R interaction engages the Janus-family tyrosine kinases Jak1 and Tyk2, which are constitutively associated with IL-10R1 and IL-10R2, respectively. Ligand-induced oligomerization results in Jak1 activation leading to phosphorylation of the intercellular IL-10R1 chains. The transcription factor Stat (signal transducer and activator of transcription) is then recruited to the receptor complexes based on specific interaction of Stat SH2 domains with phosphotyrosine motifs in the receptor. Stats become phosphorylated, dissociate from receptor, form homo-or heterodimers, and translocate to the nucleus. IL-10 binding induces activation of Stat3, leading to suppression of IFN-inducible genes, such as those encoding class II MHC antigens (Donnelly et al., 1999; Mosser and Zhang, 2008) . CmvIL-10 engagement of the IL-10 receptors also leads to Stat3 activation (Spencer, 2007) . Downstream immunomodulatory effects include inhibition of PBMC proliferation and inflammatory cytokine production, down-regulation of class I and class II MHC molecules, and impaired dendritic cell maturation (Chang et al., 2009; Chang et al., 2004; Raftery et al., 2001; Raftery et al., 2004; Spencer et al., 2002) . Although Stat3 phosphorylation is mediated by Jak1, inhibition of cytokine synthesis also involves signaling through the phosphatidylinositol 3-kinase (PI3K) pathway (Spencer, 2007) . Additional studies have shown that cmvIL-10 can inhibit NF-B signaling in monocytes (Nachtwey and Spencer, 2008) . Like human IL-10, the cmvIL-10 protein forms a dimer, and evidence suggests that cmvIL-10 can form heterodimers with human IL-10 that actually enhance Stat3 phosphorylation (Lin et al., 2008) . LAcmvIL-10 retains some but not all of the immune suppressive properties of full length cmvIL-10 (Jenkins et al., 2008b; Spencer et al., 2008) . LAcmvIL-10 can trigger down-regulation of class II MHC from the surface of monocytes and granulocyte-macrophage progenitor cells; however, this effect does not involve Stat3 phosphorylation and is independent of the IL-10 receptor. In addition, LAcmvIL-10 failed to inhibit maturation of dendritic cells and had no impact on the expression of co-stimulatory molecules (Jenkins et al., 2008b) .
Role in infection
The UL111A gene is not required for virus replication in vitro, which supports the notion that cmvIL-10 and LAcmvIL-10 probably function in modifying host immune responses in vivo (Avdic et al., 2011) . Studies with a UL111A deletion mutant virus have shown up-regulation of cytokines involved in dendritic cell formation and a higher proportion of myeloid dendritic cells compared to wild type virus. The results suggest that the UL111A gene products actively limit the ability of the host to respond to infection and clear virus, which is consistent with the observations of other groups that IL-10 is a key determinant of virus persistence (Brooks et al., 2008; Brooks et al., 2006) . Vaccination studies of rhesus macaques also support the notion that the IL-10 pathway plays an important role in virus clearance (Barry, 2011) . The Rhesus CMV genome also encodes an IL-10 homolog, designated RhcmvIL-10 (Lockridge et al., 2000) . Uninfected rhesus macaques were immunized with a strategy designed to prevent engagement of the cellular IL-10 receptor by RhcmvIL-10 (Barry, 2011) . Upon challenge with RhCMV, vaccinated animals had significantly fewer infected cells and infiltrate at the inoculation site, as well as reduced levels of virus in saliva and urine compared to control animals. Therapeutic strategies that neutralize cmvIL-10 activity hold great potential for enhancing the control or elimination of this persistent pathogen. 
Role in latent infection
Expression of the UL111A gene plays a role in maintaining a reservoir of virus by protecting latently infected cells from CD4 + T cell recognition (Cheung et al., 2009) . A UL111A deletion mutant virus was able to establish latent infection in myeloid progenitor cells and also reactivate from latency just as effectively as wild type virus. However, cells infected with the deletion mutant expressed higher levels of class II MHC on the cell surface. This effect was confirmed to be due to the lack of viral IL-10, since the addition of recombinant IL-10 (both full length cmvIL-10 and LAcmvIL-10) resulted in lower levels of class II MHC expression that was comparable to that of cells infected with wild type virus. Reduced class II expression correlated with diminished CD4 T cell responses, as measured by proliferation and interferon- production by purified allogeneic CD4 T cells co-cultured with the infected cells. CD4+T cells cultured with cells infected with the UL111A deletion virus exhibited significantly higher levels of proliferation and cytokine production, suggesting that UL111A gene products limit recognition of HCMV-infected cells by CD4+ T cells, thereby enhancing the pool of latently infected cells.
Role in cancer
The possible relationship between HCMV and cancer has been investigated for some time. The development of more sensitive detection methods has recently shown a very strong link between HCMV infection and glioblastoma and prostate cancer (Cobbs et al., 2002; Cobbs et al., 2007; Mitchell et al., 2008; Samanta et al., 2003) . While HCMV is not generally regarded as an oncogenic virus, the term oncomodulation has been proposed to describe the increased malignancy associated with HCMV-infected tumor cells (Michaelis et al., 2009 ). The possible molecular mechanisms for oncomodulation include altered cell cycle regulation by immediate early proteins IE1 and IE2 (Sanchez and Spector, 2008) , which promote entry into S phase, as well as the activity of the UL97 protein, which phosphorylates and inactivates tumor suppressor Rb (Hume et al., 2008) . In addition, the UL36, UL37, and UL38 gene products all interfere with caspase function and convey resistance to apoptosis (McCormick, 2008; Skaletskaya et al., 2001) . HCMV-infected neuroblastoma cells have been observed to down-regulate adhesion molecules and exhibit increased motility (Blaheta et al., 2004) . In infected prostate cancer and glioma cells, HCMV infection resulted in increased migration and invasion that was dependent on phosphorylation of focal adhesion kinase (FAK) (Blaheta et al., 2006; Cobbs et al., 2007) . Most recently, evidence points to a role of cmvIL-10 in promoting cancer progression. HCMV has been shown to infect both glioma cancer stem cells (gCSCs) and macrophage/migroglial populations present in malignant gliomas (Dziurzynski et al., 2011) . Production of cmvIL-10 by the gCSCs may convert peripheral blood monocytes into an immune suppressive, tumor-promoting cell type. The cmvIL-10 present in gCSC conditioned medium was shown to trigger activation of Stat3 and production of immune suppressive cytokines (Dziurzynski et al., 2011) . At this point, the tumor promoting role of cmvIL-10 is largely associated with activation of Stat3. The Stat3 pathway is known to be active in a number of cell types in the tumor microenvironment and contributes to general immune suppression hindering anti-tumor responses (Kortylewski et al., 2005) . In a murine model of glioma, Stat3 has been demonstrated to promote an influx of macrophages, which correlated negatively with survival (Kong et al., 2010) . In addition, Stat3 activation is associated with poor prognosis in ovarian cancer and considered a key factor in metastasis formation and chemo-resistance (Zhang et al., 2010) . This is one of the most exciting new areas of research involving cmvIL-10, and additional studies are currently underway to define the role of cmvIL-10 in potentiating tumor progression.
The UL144 gene product: TNF receptor homolog
Tumor necrosis factor (TNF) is an inflammatory cytokine that exists in both a membranebound and soluble form (Caminero et al., 2011) . The biological effects of this cytokine are mediated through interactions with two receptors, TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2). TNFR1 is expressed in a wide variety of cell types whereas TNFR2 is expressed only in cells of the immune system. Ligand-binding induces receptor trimerization and conformational changes that lead to dissociation of the inhibitory protein suppressor of death domain (SODD) followed by association of TRADD, or TNFR associated death domain protein (Wajant et al., 2003) . Following TRADD binding, there are several possible outcomes, including activation of the NF-B pathway, activation of the MAPK pathway, or induction of apoptosis. Both HSV-1 and HCMV target the TNF pathway ( Figure 5 ); HSV-1 through glycoprotein D (Montgomery et al., 1996) and a TNFR homolog, HVEM (herpesvirus entry mediator) and HCMV through the UL144 gene product, also a TNFR homolog Cheung et al., 2005) .
Gene structure and expression
The UL144 gene is one contiguous open reading frame located in the ULb' region of the HCMV genome ( Figure 6 ). This region contains 19 ORFs first identified in the Toledo strain that are found in other clinical isolates yet deleted from laboratory strains (Cha et al., 1996) . The UL144 gene product was identified through database searches and has regions of homology with the TNF receptor superfamily, especially the herpesvirus entry mediator, HVEM , although the UL144 protein does not facilitate entry by HSV-1. UL144 is expressed early in HCMV infection with protein detected four hours post-infection . Transcription from the UL144 gene is complex, with at least four differentially regulated transcripts expressed (He et al., 2011) . One of these transcripts encompasses UL142 through UL145, and all transcripts contain both UL144 and UL145. Recent evidence also suggests that the UL144 gene is expressed by specific viral strains during experimental models of latency (Poole, 2011) .
Cell signaling
The UL144 gene gives rise to a 176 amino acid protein with a transmembrane domain and short cytoplasmic tail. Despite the presence of an N-terminal signal sequence and multiple N-linked glycosylation sites in the ectodomain, the protein appears to be retained in an intracellular compartment . Retention is mediated by tyrosine based sorting motif at the C-terminus of the protein (aa 173-176, YRTL), as demonstrated by a Y173A mutant expressed in 293T cells that displayed significantly higher levels of cell surface protein. The protein also contains two cysteine rich domains (CRDs) which are characteristic of TNFR family members, although many family members have as many as four CRDs. The CRD-2 region of the UL144 protein also shares significant homology with the ligand binding domain of another TNFR family member, TRAIL-R2. Although no TNF family ligands have been found to bind to the UL144 receptor, a member of the www.intechopen.com
immunoglobulin superfamily known as BLTA, for B and T lymphocyte attenuator, was identified as a ligand for UL144 (Cheung et al., 2005) . Presumably the UL144 protein would have to present on the cell surface in order to mediate this signaling. Despite its apparent intracellular localization, the UL144 protein must be exposed at some point during the infection since antibodies to this protein can be detected in HIV and HCMV co-infected individuals . 
Role in infection
In addition to the inhibitory effects on T-cell activation through engagement of BLTA (Cheung et al., 2005) , UL144 also serves as an immune modulator during infection by triggering production of CCL22/MDC (or macrophage-derived chemokine) (Poole et al., 2008; Poole et al., 2006) . CCL22 was detected in the supernatants from cells infected with a Toledo strain virus, but not in supernatants from cells infected with AD169, which lacks the ULb' region. This effect was found to be mediated by NF-B and is dependent on TRAF (TNFR associated factor). Induction of CCL22, which attracts Th2 and regulatory T cells expressing the CCR4 receptor (Yoshie et al., 2001) , may aid in thwarting host immune responses by antagonizing the more effective TH1 antiviral response. The LMP1 protein of EBV also induces CCL2 expression (Nakayama et al., 2004) , suggesting yet another common mechanism for manipulation of host responses among herpesviruses.
Polymorphisms as a measure of virulence
There have been conflicting reports regarding the correlation between UL144 genotype and clinical outcome. Genes in the ULb' region, and the UL144 gene in particular, show a high level of variability among clinical strains. Three main genotypes have been described based on the extracellular region of the UL144 protein: type A, type B, and type C (Arav-Boger et al., Lurain et al., 1999) . While some groups found that polymorphisms in the UL144 gene were not predictive of clinical outcome (Bale et al., 2001; Heo et al., 2008) , others have found that types A and C do correlate with higher viral load and clinical sequelae (AravBoger et al., 2006; Waters et al., 2010) . Differences in outcome may be attributable to sample size and population. Additionally, to date studies have been conducted only on congenitally infected infants, and so it is not clear how UL144 strain polymorphisms correlate with disease in other patient populations, such as transplant recipients or persons with HIV/AIDS.
The UL146 gene product: -chemokine vCXC-1
Chemokines are a family of small soluble proteins that are secreted by immune cells in response to infection (Salazar-Mather and Hokeness, 2006) . Members of the chemokine family fall mainly into one of two categories: -chemokines or -chemokines. The β-chemokines induce migration of monocytes, natural killer cells, and dendritic cells; they have two adjacent cysteines near the amino terminus of the protein and are also known as CC chemokines. In contrast, -chemokines induce chemotaxis of neutrophils; they have the two cysteines separated by one amino acid and are known as CXC chemokines. CXC chemokines also generally have an ELR motif (glutamic acid -leucine -arginine) before the first cysteine. Interleukin-8 was the first CXC chemokine discovered, although its systemic designation is CXCL8. It is produced mainly by monocytes and lymphocytes, and it functions to induce neutrophil chemotaxis and degranulation through the chemokine receptors CXCR1 and CXCR2. Chemokines are important for controlling virus infection because they direct immune cells to sites of infection. However, for viruses that infect immune cells, chemokines may provide a vehicle for attracting host cells, or for directing infected cells to distribute virus to other parts of the body (Lusso, 2000; Murphy, 2001 
Gene structure, expression, and signaling
The UL146 gene, which is also located in the ULb' region of the HCMV genome (Figure 6 ), encodes a functional -chemokine (Penfold et al., 1999) . The UL146 gene is expressed with late kinetics during infection and gives rise to a 117 amino acid protein. The protein contains an N-terminal signal sequence as well as the ELRCXC motif found in IL-8 that is known to be important for neutrophil binding and activation (Clark-Lewis et al., 1991) . The UL146 gene product, which is also known as vCXC-1, was found to induce calcium flux and migration of neutrophils (Penfold et al., 1999) . Since neutrophils express both CXCR1 and CXCR2, cells expressing each receptor separately were employed to dissect which receptor was mediating the effects of vCXC-1. While the initial studies identified CXCR2 as the primary receptor (Penfold et al., 1999) , subsequent studies have found that vCXC-1 also binds to and effectively signals through the CXCR1 receptor (Luttichau, 2010) . Although the adjacent gene, UL147, has a CXC motif, it lacks the ELR sequence and has not been shown to elicit signaling through human chemokine receptors (Penfold et al., 1999) .
Role in infection
The UL146 gene product has been shown to encode a potent -chemokine that induces neutrophil migration, calcium mobilization, and degranulation (Luttichau, 2010; Penfold et al., 1999) . While it has been suggested that UL146 may function to recruit neutrophils to sites of infection to provide a vehicle for virus dissemination to distant sites in the body (Figure 7) , this has yet to be examined in the context of virus infection in vivo, mainly because the species specificity of HCMV remains a barrier to its use with animal models. As discussed earlier, there is one model system that is particularly well-suited for investigating CMV-host interactions; the natural infection of Rhesus macaques (Macaca mulatta) by RhCMV (Powers and Fruh, 2008) . The human and rhesus macaque genomes share about 95% sequence similarity. The complete genome of RhCMV strain 68.1 was sequenced in 2003, revealing 230 potential open reading frames, of which 138 were homologous to known HCMV proteins (Hansen et al., 2003) . A more pathogenic isolate, RhCMV strain 180.92, was subsequently sequenced, revealing 10 additional open reading frames (Rivailler et al., 2006) . A consensus map of both strains reveals that they each contain open reading frame designated Rh157.4, which was identified as having some homology to HCMV UL146 (Oxford et al., 2008) . Most recently, RhCMV strains isolated from naturally infected macaques have recently been found to contain an additional genome segment not found in laboratory strains (Oxford et al., 2008) . This segment, located between the Rh157.4 gene and the Rh161 gene, contains three open reading frames encoding proteins that exhibit 21-44% amino acid sequence identity with human IL-8 and/or HCMV UL146. Each of these three genes contains the ELRCXC motif (or a closely related sequence). Interestingly, these new genes (designated Rh161a, b, and c) also have homology to Rh161, which itself has low-level homology with human IL-8, suggesting that a gene duplication event may have occurred. Including RhUL146 and RhUL147 (rh158), this makes a total of 6 genes with homology to -chemokines encoded by RhCMV. It is unclear why the virus would require six -chemokine genes; however, such gene duplication events have been reported, notably in the case of the RhCMV US28 locus, where only one of the five genes was found to encode a functional receptor (Penfold et al., 2003) . Additional studies are ongoing to determine which of these RhCMV genes encode functional chemokines and to discern their role in virus infection in vivo.
Polymorphisms as a measure of virulence
Like the UL144 gene, divergence of the UL146 has been noted in a large number of clinical strains (Aguayo et al., 2010; Arav-Boger et al., 2008; Bradley et al., 2008; He et al., 2006; Heo et al., 2008) . In two of these studies, no connection between UL146 polymorphisms and clinical disease was noted (He et al., 2006; Heo et al., 2008) . Arav-Boger et al developed an artificial neural network system to analyze variability of four different CMV genes (US28, UL144, UL146, and UL147) from congenitally infected infants in the Unites States and Italy (Arav-Boger et al., 2008) . The results showed that UL144 and UL146 predicted the outcome of CMV disease in more than 80% of cases, when used separately, and specific nucleotide positions played a key role in these analyses. Despite the high degree of sequence variation noted for UL146, chemokine functionality is generally retained (Prichard et al., 2001 ).
The US28 gene product: Chemokine receptor
Chemokine receptors belong to the GPCR superfamily, one of the largest families of cell surface receptors. Receptors of this type relay signals from the cell surface to intracellular effectors and are found in all eukaryotic cells, from yeast to man. The human genome encodes over a thousand GPCRs, including receptors in the visual, olfactory, and gustatory (taste) systems, as well as many neurotransmitter, hormone, and chemokine receptors (Pierce et al., 2002) . Members of this superfamily interact with heterotrimeric intracellular G proteins comprising , , and -subunits. In the inactive state, the G subunit binds to GDP (Gether, 2000) . However, upon ligand binding, a conformational change occurs that promotes association of the intracellular domain of the receptor with a G-protein and catalyzes the exchange of GTP for bound GDP in the G subunit. Following receptor activation, the GTP-G subunit dissociates from both the receptor and the  subunits, which bind to each other very tightly. Each subunit can then interact with and activate specific downstream cellular effectors, depending on the nature of the receptor-ligand interaction. Intrinsic GTPase activity in the G subunit converts it to the inactive GDPbound form, and re-association of the heterotrimeric complex terminates the signal and restores the receptor to its resting state. In addition to ligand dependent signaling, some G P C R , i n c l u d i n g H C M V U S 2 8 , h a v e b e e n s h own to signal in a ligand-independent, constitutive manner (Casarosa et al., 2001; Vischer et al., 2006a; Waldhoer et al., 2002) .
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Trojan Horses and Fake Immunity Idols: Molecular Mimicry of Host Immune Mediators by Human Cytomegalovirus 53 5.1 Gene structure and expression Of the four genes described here, only US28 was identified in the initial sequencing of the genome of HCMV strain AD169 (Chee et al., 1990a) . Found within the unique short region of the HCMV genome, US28 is one of four genes with homology to the cellular G-protein coupled receptor (GPCR) superfamily (Chee et al., 1990b) . Of the four HCMV GPCR (UL33, UL78, US27, and US28), only US28 has been shown to be a bona fide chemokine receptor. US28 has been extensively studied and is the subject of numerous reviews (Beisser et al., 2008; Vischer andLeurs and Smit, 2006a; Vischer et al., 2006b; Vomaske et al., 2009) ; only a brief overview of the current literature on US28 is provided here. Expression of US28 transcripts occurs throughout the infection cycle, at immediate early, early, and late time points (Bodaghi et al., 1998; Zipeto et al., 1999) , as well as during latency in THP-1 monocytes (Beisser et al., 2001) . Although no homologs of this receptor exist in the genomes of rodent CMVs, five tandem homologs of US28 have been identified in the genome of Rhesus CMV (Penfold et al., 2003) . Because US27 and US28 are directly adjacent to one another in the HCMV genome and share 31% sequence identity, there has been some speculation that the two are a result of a gene duplication event. There is evidence for expression of both proteins in infected cells (FraileRamos et al., 2001; Fraile-Ramos et al., 2002) , suggesting that each receptor may have evolved (or is evolving) a distinct role in viral pathogenesis. US28 is expressed throughout the lytic and latent infection cycle, while US27 is expressed late in lytic infection only (Beisser et al., 2001; Welch et al., 1991) , indicating that the two genes are independently regulated.
Cell signaling
US28 has been shown to bind to several human chemokines, including CX3CL/fractalkine, CCL5/RANTES, CCL3/MIP-1, CCL2/MCP-1, and CCL7/MCP-3 (Beisser et al., 2002; Gao and Murphy, 1994; Neote et al., 1993) . In addition, US28 is promiscuous in G protein coupling and has been shown to signal through G q , G i/o , G 12, and G 16 (Billstrom et al., 1998; Casarosa et al., 2001; Melnychuk et al., 2004) . Chemokine binding to US28 induces a wide range of intracellular responses, including calcium mobilization, MAP kinase activation, cell migration, and activation of transcription factors such as NFAT, CREB, and NF-B (Billstrom et al., 1998; Casarosa et al., 2001; Gao and Murphy, 1994; Streblow et al., 2003; Vieira et al., 1998) . NF-B activation has been shown to stimulate IL-6 production followed by a cascade including Stat3 phosphorylation and VEGF production ( Figure 7 ) (Slinger et al., 2010) . Ligand-independent signaling has been found to include constitutive phospholipase C activation and inositol phosphate (IP 3 ) production (Casarosa et al., 2001; Minisini et al., 2003) . US28 can also promote cell-cell fusion (Pleskoff et al., 1998) and was found to serve as a co-factor for entry of HIV into CD4 + cells (Pleskoff et al., 1997) . For some types of GPCR, most notably the -aminobutyric acid (GABA) receptor, dimerization has been documented to be critical for effector activation and signaling (Kaupmann et al., 1998; Kuner et al., 1999; White et al., 1998) . Chemokine receptors have also been shown to form functional dimers and oligomers that affect different aspects of receptor physiology, such as ligand affinity and signal transduction (Kramp et al., 2011; Mellado et al., 2001) . Recent evidence suggests that US28 forms multimers with other GPCR (Tschische et al., 2011) . UL33 and UL78 were both able to block US28-mediated activation of the transcription factor NF-B, although constitutive signaling via the Gq/phospholipase C pathway by US28 was not affected by receptor heteromerization (Tschische et al., 2011) .
Role in infection
Despite the extensive in vitro characterization of US28, discerning a role for this protein in vivo during infection has been difficult since rodent CMVs do not encode a US28 homolog. However, murine CMV does encode homologs of two other HCMV GPCR, UL33 and UL78 (M33 and M78, respectively), suggesting that perhaps these genes were hijacked from an ancient host by an ancestral virus. Recent studies have shown that MCMV mutants lacking M33 exhibit a replication defect resulting in a significant reduction in virus replication in the salivary gland, as well as reduced reactivation from tissue explants (Farrell et al., 2011) . Interestingly, HCMV US28 was found to complement the M33 mutant virus and restore both salivary gland replication and explant reactivation. These findings support the widely held view that the US28 receptor aids in virus dissemination by enabling infected cells to respond to chemokines and transport virus to distant sites in the body. 
Role in atherosclerosis and cancer
The formation of atherosclerotic plaques resembles a chronic inflammatory response characterized by infiltration of monocytes, macrophages, and T lymphocytes recruited to the site via the secretion of chemokines from the vascular endothelium (Gautier et al., 2009; Zernecke and Weber, 2010) . Both molecular and epidemiological data strongly links HCMV infection to atherosclerosis (Cheng et al., 2009; Epstein et al., 2009; Froberg et al., 2001; Gredmark-Russ et al., 2009; Hendrix et al., 1990; Hosenpud, 1999; Mattila et al., 1998; Straat et al., 2009; Streblow et al., 2008; Streblow et al., 2001a; Yi et al., 2008) . Significant evidence now supports the notion that US28 may exacerbate atherosclerotic plaque formation by enhancing smooth muscle cell migration, and this subject has been reviewed elsewhere (Melnychuk et al., 2004; Streblow et al., 2001b; Streblow et al., 2007; Streblow et al., 1999; Streblow et al., 2003; Vischer andLeurs and Smit, 2006a) . In addition to a potential role in cardiovascular disease, HCMV infection has also been implicated in several types of cancer (see section 2.5). In particular, US28-expressing cells have been shown to promote tumorigenesis when injected into mice (Maussang et al., 2006) . Activation of NF-B by US28 contributed to increased expression of cyclooxygenase-2 (COX-2), an inflammatory mediator that plays a central role in several types of cancer (Maussang et al., 2009 ). Activation of Stat3 via the same pathway also has implications for cancer development, as previously discussed. Therapeutics blocking US28 activity may have utility for a number of diseases.
Conclusion
HCMV is endemic in the human population and may be associated with various human diseases. Most of the time, however, the virus peacefully co-exists with its human host. This interaction is governed by viral gene products that take an active role in establishing latency and modifying host immune responses in favor of virus persistence. Like the mythical Trojan horse that enabled the Greeks to conquer Troy, HCMV encodes many genes that seem innocuous, yet may have the power to decisively determine the outcome of virus infection. Aguayo, F., Murayama, T., and Eizuru, Y. (2010) . UL146 variability among clinical isolates of human cytomegalovirus from Japan. Biol Res 43(4), 475-80. Ahn, K., Angulo, A., Ghazal, P., Peterson, P. A., Yang, Y., and Fruh, K. (1996) . Human 
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